Abstract The study of the structural and functional properties of key components of polar marine ecosystems has received increased attention in order to better understand the ecological consequences of future sea temperature rise and seasonal ice retraction. Owing to this purpose, during the ATOS-Arctic cruise, held in July 2007 in the framework of the [2007][2008] International Polar Year, we studied the respiratory carbon demand of mesozooplankton as well as their contribution to the regeneration of inorganic nitrogen and phosphorus (NH 4 -N and PO 4 -P) via excretion. The studied area comprised several stations along a latitudinal gradient in the East Greenland current, plus a network of stations NW of the Svalbard islands. The specific respiratory carbon losses and phosphorus (PO 4 -P) excretion rates were similar or slightly higher than some reports for Arctic mesozooplankton, but the nitrogen (NH 4 -N) excretion rates were higher by a factor of 3 when compared with previous data sets. The mesozooplankton respiratory losses were equivalent to 23% of primary production, and at turn zooplankton contributed by excretion to more than 50% of the N and P required by phytoplankton. Although C:N, C:P and N:P metabolic atomic quotients almost coincided with the average Redfield's stoichiometric ratios, the low C:N values when compared to previous reports suggested a predominance of protein-related metabolic substrates. The potential consequences of changes observed in the C:N, N:P and C:P metabolic ratios of mesozooplankton for Arctic marine ecosystems are discussed.
Introduction
The supply and flow of energy and matter in polar pelagic ecosystems follow a strongly seasonal pattern governed by the changes in ice-cover, atmospheric and water circulation, and light regime. The consequence has been the selection of relatively fragile ecosystems, with organisms with life histories closely tuned to the forcing conditions and linked through relatively complex food webs (Conover and Huntley 1991; Hobson et al. 2002) , and where the effects of global warming are expected to be more severe (Smetacek and Nicol 2005; Duarte 2008) . Changes driven by climate change are particularly intense in the Arctic, where the increased rate of seasonal ice loss (Comiso et al. 2008 ) would accelerate changes not only on oceanic circulation and sea temperature, but on the light intensity and quality available for phytoplankton, and therefore on the structure and dynamics of the whole Arctic food webs (Duarte 2008; Wassmann et al. 2008) . As a consequence, the study of the response of zooplankton to physical and biological constraints in Arctic waters has received particular attention (see Wassmann et al. 2008) .
Zooplankton is an essential node in the transfer of matter and energy in pelagic marine systems, especially in Arctic and sub-Arctic waters where they serve as the crucial link between primary producers and megafauna (Hjort 1914) . The final fate of biogenic carbon in high latitudes is also closely dependent on zooplankton activity (Hirche et al. 1991; Noji et al. 1999; Møller et al. 2006; Olli et al. 2007) , and large year-to-year fluctuations in the biomass of higher trophic levels are attributed, amongst other reasons, to fluctuations in zooplankton stocks (Loeng and Drinkwater 2007) .
Complementary to the control exerted by zooplankton on the structure of food webs through direct predator-prey relations, zooplankton also quantitatively and qualitatively affects phytoplankton by modifying the pool of available nutrients (Sterner 1986 (Sterner , 1990 . Variations in diet, zooplankton feeding habits, or on the metabolic substrate induce changes in the nutrient supply driven by changes in the relative proportion of their excretion products (Ikeda 1977; Mayzaud 1976; Saba et al. 2009 ). Additionally, most previous research has been devoted to few calanoid copepod species considered as key representatives of primary consumers. However, smaller copepod species and noncopepod zooplankton components have been generally neglected, despite their significance in nutrient cycling and carbon turnover (Møller et al. 2006) .
During a multidisciplinary study, held in July 2007 in the framework of the [2007] [2008] International Polar Year, we estimated the respiratory rates for the mixed mesozooplankton community including different copepods species, chaetognaths, euphausiids and amphipods (hereafter zooplankton) as well as their nitrogen and phosphorus (NH 4 -N and PO 4 -P) excretion rates in a variety of environmental conditions. The aims of the study were (1) to obtain contemporary evaluations of the contribution of zooplankton to the Arctic biogeochemical cycles (2) to estimate the relative contribution of N and P recycling by zooplankton excretion to the inorganic nutrient requirements by phytoplankton during summer and (3) to determine the importance of C:N, C:P and N:P metabolic quotients of zooplankton for the stoichiometry of the dissolved nutrient pool, and their potential role as indicators of shifts in the zooplankton diet and/or metabolic substrate.
Methods

Study area and hydrography
The ATOS-Arctic cruise took place from the 1st to the 25th July 2007 on board R/V ''Hespérides''. The study area included a latitudinal transect including the East Greenland Current, plus a network of stations W and N of the Svalbard islands (Fig. 1) . Some stations were located in open water, free of ice, whereas other stations were close to the sea ice edge. Temperature, salinity, fluorescence, dissolved O 2 and turbidity profiles were obtained with a Seabird CTD911 from surface to 1,000 m depth, or to few metres above the bottom for shallower stations. Water samples for nutrient analysis, pigments and plankton community studies, as well as for experimental purposes on board, were taken during the ascent of the CTD with twenty-four 12-L Niskin bottles mounted in a Rossette.
Chlorophyll a was analysed by fluorimetry according to Yentsch and Menzel (1963) on acetone extracts of water samples from surface to the deep chlorophyll maximum (CDM) and filtered through GF/F glass fibre filters (Saiz, unpublished) . In situ primary production was measured by the 14 C technique (Steemann-Nielsen 1952) as described by Lasternas and Agustí (this issue) and integrated from the DCM to surface (1 m).
Zooplankton sampling, biomass estimations and taxonomic composition Depth-integrated zooplankton biomass and community structure were studied in plankton samples taken with a double WP-2 net (40-cm mouth diameter, 200-lm mesh size). The net was hauled vertically from 200 m depth (or less in shallower stations) to surface at a speed of 30 m min -1 . The volume of water filtered was measured with a back-stop General Oceanics Flow-Meter Ò placed at the mouth of the net at a distance from the holding ring equivalent to 1/3 of its diameter. The samples corresponding to the two nets were mixed and homogenised in a container, concentrated and fixed in 4% formalin in seawater (final concentration) for taxonomic, biomass and size-spectrum studies.
Zooplankton biomass as organic C (C zoo ) was calculated after biovolume (BV) determinations by applying the corresponding conversion factor. Zooplankton BV was estimated by image analysis. Preserved samples were stained for 24 h with eosin-Y in aquatic solution (0.05% final concentration) and poured into square, 12 9 12 cm Petri dishes. Once the organisms had been evenly dispersed, square areas of 10 9 10 cm were scanned with an EPSON 4990 Photo scanner at 2400 dpi. The scanned images were analysed using ZooImage Ò (http://www.sciviews.org/ zooimage), a free-user program that automatically calculates organismal biovolume (BV ind ) by the Image-J Ò software. The system can automatically integrate individual biovolume, classify the organisms into taxonomic groups, count the individuals and provide data about their relative abundance (Grosjean et al. 2004; Fernandes et al. 2009 ).
The BV-C zoo conversion factor used was a modification of that given by Alcaraz et al. (2003) . As there were indications of slight but consistent differences between estimates of zooplankton BV as obtained according to ZooImage Ò and by using the method described by Alcaraz et al. (2003) , the conversion factor was corrected. To estimate the correction factor, we considered the regression equation relating the BV values obtained in the same samples by both methods (Fig. 2) , as well as the C losses due to the fixation process (Alcaraz et al. 2003) . The correlation coefficient corresponding to the relationship between BV as estimated by ZooImage Ò and the manual method described by Alcaraz et al. (2003) in paired zooplankton samples (Fig. 2) was r = 0.98, and the regression coefficient corresponding to the Standard Major Axis (Ricker 1973 ), b 0 = 1.13. According to this relation and the average C losses of zooplankton by fixation when compared to fresh samples (Alcaraz et al. 2003) , the corrected BV-C zoo conversion factor was 1 mm 3 BV = 0.080 mg C zoo . Integrated (0-200 m depth) zooplankton biomass is expressed as g C zoo m -2 . The taxonomic composition was analysed automatically on the scanned samples using appropriate shape identification algorithms and specific training sets (Fernandes et al. 2009 ) for 9 main taxons or categories of Arctic zooplankton, chosen after the study of selected samples: amphipods, appendicularians, chaetognaths, cnidarians, euphausiids, nauplius, Oithona (O. similis), Calanus (C. hyperboreus, C. glacialis and C. finmarchicus and Calanus sp.) and Metridia (M. longa). The percentage error of automatic classification when compared to manual classification under stereomicroscope in paired samples ranged from 0 (chaetognaths) to 15% (appendicularians), and for nauplii and the different copepods was less than 6%.
Zooplankton metabolism
Metabolic rates (O 2 consumption, NH 4 -N and PO 4 -P excretion) for mixed zooplankton were obtained by the incubation method. Experimental organisms were caught by vertical hauls made with a double WP-2 net, usually from 75-100 m to surface. In order to minimise the capture stress and to avoid the physical damage of the organisms, the hauling speed was reduced to 10 m min -1 , and the nets had the cod-ends replaced by 6-L plastic bags. Once on deck, the bags were immediately transported to the laboratory into thermally isolated containers with water at ''in situ'' temperature.
In the laboratory, the experimental samples were carefully washed three times and diluted with 0.2-lm-filtered seawater at ''in situ'' temperature. The water for the incubation experiments was obtained with a 12-L Niskin bottle at the depth of the fluorescence maximum (from 20 to 40 m) and filtered by gravity through 0.2-lm Cro-Pack Ò filters. The experimental chambers for incubation experiments consisted in 250-1,100 mL Pyrex Ò bottles, the volume depending on the concentration and size of the organisms. These were closed with silicone stoppers traversed by the O 2 probes and a syringe needle to compensate for pressure changes due to small temperature oscillations (Alcaraz 1988; Alcaraz et al. 1998) .
In less than 1 h after capture, aliquots of the washed zooplankton sample were carefully transferred into the Fig. 2 Relationships between zooplankton biovolume (BV) as analysed in paired samples by two methods based in image analysis. Abscissae: After the semi-manual method described by Alcaraz et al. (2003) . Ordinates: According to the ZooImage Ò automatic scanning. BV ZooImage = 1.13 BV Alcaraz et al. (2003) -6 .02, r 2 = 0.97 experimental chambers, which were closed without trapping air bubbles, and incubated for 14-24 h in a temperature-controlled water bath at the average temperature of the water column integrated by the corresponding zooplankton haul ± 0.1°C and dim light. Zooplankton respiration was estimated by the semi-continuous measurement of dissolved O 2 concentration (measurement frequency 30 s) in experimental and control chambers using two 4-channel OXY-4 Pre-Sens Ò Oxygen Sensors (optodes) with a precision of 0.5%. Each incubation experiment included 5 experimental and 3 control chambers, except for failure of the probes, or when one of the two 4-channel OXY-4 systems, needed to be calibrated and only 2 control and 2 experimental chambers could be operated (see number of replicates per experiment in Table 2 ). The zooplankton respiration rate was calculated as the difference between the slope of the regression equations relating incubation time and dissolved O 2 concentration in experimental and control chambers. The decrease of dissolved O 2 concentration in the experimental chambers followed a linear trend in all the cases, with determination coefficients between incubation time and O 2 concentration ranging from r 2 = 0.7 to r 2 = 0.98. O 2 consumption rates were transformed into respiratory C using an RQ = 0.97 (Omori and Ikeda 1984) . Zooplankton excretion rates were estimated in the same incubation experiments as for respiration and calculated according to the difference in NH 4 -N and PO 4 -P concentration in experimental and control flasks at the end of the incubation. At the end of the experiments, water samples for NH 4 -N and PO 4 -P analysis were siphoned out from the flasks using a silicone tube ending in a broad plastic tip closed with100-lm mesh gauze in order to avoid loosing experimental organisms. Ammonia (NH 4 -N) was analysed spectrofluorimetrically following Kéruel and Aminot (1997) . Soluble reactive phosphorus (PO 4 -P) was analysed according to Grasshoff et al. (1999) . The analyses were made immediately after taking the samples. The experimental organisms in each chamber were transferred to vials and fixed in 4% formalin for further measurement of experimental zooplankton biomass (C zoo ) by image analysis using the ZooImage Ò software as previously described. C-specific respiration and excretion rates for the different stations were calculated by the quotient between gross rates (lmol day -1 ) and the corresponding experimental biomass of zooplankton in the incubation bottle (lmol C zoo ). The average metabolic ratios (atoms) for the different stations were assessed as the average values of the corresponding C:N, N:P and C:P quotients for individual experiments. Total C respiratory requirements and regenerated ammonia and phosphate by zooplankton have been calculated as the product of the specific metabolic rates times the corresponding zooplankton biomass.
Results
Hydrography
The average (5-100 m depth) temperature of the stations sampled ranged from -1.33°C at station 46 to 6.56°C at station 27, and the average salinity from 32.92 at station 49 to 35.12 at station 27 (Table 1) . Two main groups of stations according to the average temperature and salinity have been identified in the T-S diagram ( 
Chlorophyll a, zooplankton biomass and community composition
The vertical profiles of fluorescence (not shown) indicated the existence of sub-surface chlorophyll maxima, generally coinciding with the position of the density gradient, and dominated in most of the stations by large colonies of Phaeocystis pouchetti (Lasternas and Agustí, this volume) that affected mainly stations at latitude higher than 80°N. The higher integrated Chl a values (more than 100 mg Chl a m -2 , 0-100 m depth) corresponded to the stations influenced by Atlantic Water (Table 2 and 9, 12, 18, 23, 26, 27 and 33) and one station with Polar Surface Water characteristics (Table 2 and Fig. 4a-station  42) .
The integrated zooplankton biomass spanned for about two orders of magnitude from 0.7 to 52 gC m -2 (Table 2 stations 36 and 6, respectively), and according to the projection of C zoo in the T-S diagram, the higher values were observed in station influenced by Atlantic Water (AW, Figs. 3 and 4b ) and the northern stations of the latitudinal transect, but no clear trend was apparent. The community was dominated by copepods, the genus Oithona, (O. similis) being the most abundant, followed by Calanus, (C. glacialis, C. finmarchicus and C. hyperboreus) and Metridia (M. Longa). Including copepod nauplii, copepods accounted for 94% of the mesozooplankton community as average. The remaining 6% corresponded, in order of importance, to chaetognaths, amphipods, appendicularians, euphausiids and cnidarians (Fig. 5) . Stations 1-9 were dominated by Oithona and copepod nauplii, while in stations 12-49 (NW of Svalbard, Figs. 1, 5), Oithona decreased and calanoids (Calanus and Metridia) increased their relative abundance (Fig. 5) . No clear patterns were apparent for the remaining zooplankton groups.
Zooplankton metabolism
The average C-specific respiration rate was 0.019 day -1 (range 0.002 day -1 -0.04 day -1 , stations 18 and 2, respectively), and inorganic N excretion 0.0052 lmolNH 4 -N lmolC zoo day -1 (range 0.0008-0.0163 lmolNH 4 -N lmolC zoo day -1 ), while P excretion averaged 0.0003 lmolPO 4 -P lmolC zoo day -1 (range 0.0001-0.0010 lmol PO 4 -P lmolC zoo day -1 , stations 18 and 27, Table 2 ). While the average C respiration and P excretion rates were of the same order than previous data (Table 3) , ammonia excretion rate was higher than other data for Arctic zooplankton (Table 3) .
The coefficients of variability (CV) between replicates at the different stations averaged 20% for respiration (range: 4-33%,) and 28.6% for N and P excretion (range 2-60%, data not shown). According to their projection in a T-S diagram (Fig. 4c) , the higher respiration rates ). PO 4 -P: Specific phosphate excretion rates (lmolPO 4 -P lmolC zoo day Average C:N:P ratios were 75:17.73:1 for respiration and inorganic N and P excretion ( Table 2 ). The higher C:N, C:P and N:P values corresponded to the stations in the latitudinal transect, or under the influence of Atlantic Waters (Table 2 ; Fig. 4d ). As their distribution in the T-S diagram was very similar, only C:N values are shown.
The average turnover rate for dissolved inorganic nutrients (day -1 ) resulting from zooplankton excretion was 0.1 day -1 for NH 4 -N (Table 4) . However, when considering the contribution of ammonia excreted in the context of total inorganic N (NH 4 -N ? NO 2 -? NO 3 -N) concentration in the water column, the turnover rate was much lower (0.002 day
). Phosphate turnover (0.017 day -1 ) was well below that of ammonia (Table 4) .
To compensate for integrated respiratory C losses, zooplankton would require from about 5% (stations 9 and 36) to more than 40% (stations 6 and 49) of the C produced by phytoplankton (Table 5) . At turn, the contribution of zooplankton excretion to re-supply the nutrients required by phytoplankton for primary production (as calculated from the C production rates and molar C:N:P Redfield ratios of 106:16:1, Redfield et al. 1963 ) was from less than 10% (stations 9 and 36) to more than 100% (Table 5) .
According to the balance between phytoplankton C fixation by primary production, phytoplankton C grazing by zooplankton (Saiz, unpublished) and the C required for respiration, 23% of the C produced was respired by zooplankton as average, and at turn, zooplankton excretion provided more than 50% of the N and P required by phytoplankton for primary production ( Table 6 ). The phytoplankton (chlorophyll a) grazed by zooplankton as estimated by incubation experiments (Saiz, unpublished) and transformed into phytoplankton C ingested assuming a quotient C/Chlorophyll a = 50, contributed to about 1/3 of the metabolic (respiration) C requirements by zooplankton (Table 6 ).
Discussion
Zooplankton biomass and taxonomic composition Precise biomass evaluations of the different components of planktonic systems are essential to determine their relative importance in matter and energy transfer and in general in biogeochemical processes. However, most methods to estimate elemental or biochemical descriptors of biomass, . C:N, C:P and N:P atomic ratios. In parenthesis: standard deviation. -, No data like dry weight (DW), ash-free dry weight (AFDW, equivalent to organic matter), carbohydrates, proteins and organic C or N contents, involve destructive analytical techniques (Corner and Davies 1971) . In the case of zooplankton, the most widespread non-destructive method to obtain biomass values consists in estimating conversion factors between the shape, displaced volume or dimensions of organisms, and the adequate biomass descriptors. The measurements of dimensional characteristics on zooplankton organisms had the inconvenience of being tedious and time-consuming (Omori and Ikeda 1984) . However, recent advances in automatic image analysis have facilitated this approach, yielding reliable individual and sample volume estimations (Alcaraz et al. 2003; Grosjean et al. 2004) .
The broad range of zooplankton biomass (C zoo ) values reported here and the heterogeneous spatial distribution are in agreement with previous reports (Møller et al. (2006) and comparable to estimates derived from direct analysis of organic zooplankton C (Thibault et al. 1999 ) and data obtained from empirical individual C contents for the different Arctic species (Auel and Hagen 2002) . On the other hand, Olli et al. (2007) report homogeneous spatial patterns and lower biomass for ice-covered stations, using a quasiLagrangian sampling strategy during an ice drift experiment. Other reports of lower zooplankton biomass, estimated by direct analysis of DW or AFDW, corresponded to either different seasons or areas (autumn-winter for NW Svalbard, Mumm et al. 1998 ; N of Iceland, Gislason and Astthorsson 1998; Central Arctic (Hopkins 1969) . In some occasions, the sampling had been done using mesh sizes larger than 200 lm, with the corresponding biomass underestimation, or the biomass analysis was made in preserved samples without correcting for fixation losses (Omori 1978; Böttger and Schnack 1986) . In any case, our data confirm the relatively high zooplankton biomass in Arctic seas as previously discussed by Ashjian et al. (2002) . Physical (hydrographic) forcing variables do not seem to account for the heterogeneous distribution of zooplankton biomass. The pattern of the projection of C zoo in the T-S diagram indicates that zooplankton distribution is not related with the different water masses (Rudels et al. 2005) , or with recent ice melting. Similarly, C zoo was not related to phytoplankton concentration as the correlation coefficient between log-transformed values of integrated zooplankton biomass and chlorophyll (r = 0.41, n = 20) was not significant.
The proportion of the main taxonomic groups was similar to that previously reported in the area, with copepods dominating the zooplankton community with relative abundances similar to those described for the Canadian Arctic, Thibault et al. (1999) across the whole Arctic Ocean, and Wassmann et al. (2008) for the Barents Sea.
Metabolism
The high variability between stations observed on zooplankton respiration and excretion rates, with a range of values spanning more than one order of magnitude, seemed to be independent from the relative taxonomic composition of zooplankton or from the hydrographic characteristics of the stations. However, some of the higher rates and atomic quotients were observed in stations influenced by Atlantic and Mixed Waters, although the pattern is confuse. The average C-specific respiratory losses coincide with similar data reported by Hirche (1987) , Ikeda and Skjoldal (1989) and Ikeda et al. (2001) for equivalent Arctic zones and experimental conditions but are slightly higher than those from Bamstedt and Tande (1985) . The similarity with the above-mentioned data contrasts with the lower respiration rates of Arctic zooplankton obtained by Conover (1960) , Conover and Corner (1968) and Conover and Gustavson (1999) ; however, the differences could be explained by the special environmental conditions of experimental animals (i.e., zooplankton from ice-covered areas, Conover and Huntley 1991) or by overestimating the biomass of the experimental organisms as discussed above (see Zooplankton biomass).
The estimated excretion rates of ammonia and phosphate reported here are also higher than those given in previous studies (Ikeda and Skjoldal 1989; Ikeda et al. 2001 ) by a factor of 3, although the differences are not statistically significant. Even considering the excretion of organic nitrogen compounds (i.e., urea, dissolved primary amines, Conover and Gustavson 1999; Saba et al. 2009 ) that can account from 10 to 60% of total dissolved N release, depending on the copepod's diet, our ammonia excretion rates are more than one order of magnitude higher than Conover and Gustavson (1999) data for total (urea plus ammonia) excretion. The striking seasonal Table 4 Average values of nutrient concentration for the study area between 5 m and the deep of the chlorophyll maximum, and nutrient turnover rate by zooplankton excretion changes in specific metabolic rates of copepods reported by Conover and Gustavson (1999) could explain the difference observed.
Regarding phosphorus excretion, literature data are even scarcer than in the case of ammonia. Ikeda and Skjoldal (1989) and Ikeda et al. (2001) provide excretion rates for inorganic P (PO 4 -P) that are also lower than our estimates, although as in the case of ammonia, the differences are not statistically significant. The release of inorganic P (phosphate) by copepods is quite variable and seems to be dependent from the type of diet. It can range from about 100% of total P (organic plus inorganic) for herbivorous diet, to less than 30% when feeding on mixed or ''carnivorous'' items (Saba et al. 2009 ). However, as in the case of N compounds, the data on P release described by Saba et al. (2009) correspond to active feeding and include, aside from excretion, the compounds produced by cell breaking (sloppy feeding), egestion and leaching of faecal pellets.
Some of the sources of error in the measurement of zooplankton metabolism, potentially responsible for the higher excretion rates, had been avoided in our experiments (i.e., injured organisms, capture stress, crowding, Ikeda et al. 1982 , Skjoldal et al. 1984 , so these variables cannot be responsible for our higher C respiration and NH 4 -N and PO 4 -P excretion. A decrease in respiration by low O 2 saturation was not possible (Alcaraz 1974), as [O 2 ] never descended below 80%, and small-scale turbulence (Alcaraz 1997) was also negligible given the higly stratified situation and the calm weather during the cruise.
Other sources of variability like bacterial activity are more difficult to control. Even using 0.2-lm-filtered seawater, the theoretical control of bacterial activity by difference between experimental and control chambers would have been difficult. In experimental chambers, bacterial activity could be enhanced by the increase of organic C, N and P from zooplankton metabolism. This could be an unknown source of variability as either by bacterial mineralisation the inorganic N and P pool would increase or N and P could be used by bacteria production (Saba et al. 2009 ). Finally, the incubation in absence of food could also result in lower respiration and excretion rates (Ikeda and Skjoldal 1989; Ikeda et al. 2001) , The average C:N and C:P respiration and excretion quotients clearly differed from those reported earlier. The Table 5 C produced and N and P required* for primary production (C-PP, N and P required) . Zooplankton respiration C consumption (C resp) and contribution by excretion to N (ammonia) and P (phosphate) phytoplankton requirements (N Exc and P Exc) Percentage of primary production equivalent to the C consumed by zooplankton respiration (% PP), and N and P resupplied by zooplankton excretion (%N and % P). I.M.: Average values for stations affected by ice melting. Not I.M.: Average values for stations not affected by ice melting (see Table 1 ). Units: g m -2 day -1
. In parenthesis: standard deviation. -, No data * Calculated from C-production rates and Redfield et al. (1963) C:N:P ratios average C:N atomic ratio (4.23, see Table 3 ) here reported was similar to Redfield's (Redfield et al. 1963 ), but lower than previous reports, and C:P, 75, was also lower by a factor of 1/3. The N:P ratio (inorganic compounds) was similar to those obtained by Ikeda and Skjoldal (1989) and Ikeda et al. (2001) (Table 3 ) and corresponded also to the expected average Redfield ratio (Redfield et al. 1963) . Previous data of C:N (respiration and ammonia excretion) atomic ratios for Arctic zooplankton ranged from 12.5 to 46.5, indicating a metabolism based in lipids, and/or herbivorous feeding (see Table 3 ). However, under starvation, the metabolic C:N ratios of Arctic copepods decreased to values similar to our estimates (C:N = 6.42, Conover and Corner 1968, see Table 3 ). C:N ratios lower than 12 have been considered as indicators of the catabolism of nitrogen-rich molecules (Mayzaud 1973 (Mayzaud , 1976 Ikeda 1977; Mayzaud and Conover 1988; Saba et al. 2009 ). Therefore, the use of proteins after the exhaustion of reserve lipids, starvation, a change in the diet from diatoms to ciliates or other microzooplankton, or simply a variation in the C:N:P composition of food items (Saba et al. 2009 ) appear as the most likely explanations for the differences observed. Interestingly, our C:N, C:P and N:P quotients were of the same order than those obtained by Saba et al. (2009) for the release of total (inorganic plus organic) C, N and P by copepods in feeding experiments. Nevertheless, the comparison of both series of data is complicated by the diversity of sources for C, N and P: excretion, egestion, sloppy feeding and faecal pellets in one side, including organic and inorganic compounds (Saba et al. 2009) , and respiration and excretion of inorganic N and P in filtered sea water, plus probably leaching from faecal pellets (present data).
The hypothesis of a change in the catabolic pathway of zooplankton during the ATOS cruise seems to be compatible with the nature of the available phytoplankton community (bloom of the colonial form of Phaeocystis pouchetti, Lasternas and Agustí, this issue), a food source hardly available to copepods (Huntley et al. 1987; Hansen et al. 1994) . Similarly, the low rate of zooplankton grazing on phytoplankton (Saiz, unpublished), insufficient to satisfy their respiratory carbon losses (ingested: 0.07 gC m 2 day -1 ; respired: 0.21 gC m 2 day -1 , about 30% of the C required), confirms the hypothesis of starvation or a change in the diet of zooplankton. This is reinforced by the capacity of Arctic copepods to adapt their feeding strategy (herbivory-carnivory) and their grazing intensity size and abundance of available food items as demonstrated by incubation experiments (Levinsen et al. 2000) or isotopic and biochemical markers in field samples (Tamelander et al. 2008; Stevens et al. 2004) . In them the seasonal and spatial changes in the relative contribution of primary producers and components of the microbial loop as food for Arctic zooplankton and the inverse relation between omnivory and concentration of relatively large, edible phytoplankton (diatoms) are stressed.
The carbon respiratory losses are conservative estimates of the metabolic requirements of zooplankton (i.e., reproduction, growth and DOC excretion are not included) but allow estimating the minimal fraction of primary production that should be allocated to compensate for zooplankton metabolic requirements. Zooplankton respiration is also important for better comprehension of the carbon turnover and biogeochemical balances in marine systems.
Considering the rates of primary production obtained during the ATOS-Arctic cruise (Table 5) , similar to those given by Richardson et al. (2005) for the Greenland Sea, zooplankton requires from 5 to 66% (average 23%) of the C produced by phytoplankton to compensate for their respiratory C losses (see Table 6 ).
The ecological interactions between zooplankton and phytoplankton go beyond the simple predator-prey dynamics. By grazing, zooplankton reduces the concentration of phytoplankton, and by excretion, increases the dissolved nutrient pool and thus the ''per cell'' nutrient quota available to support phytoplankton growth (Harris 1959; Harris and Riley 1956; Sterner 1986 Sterner , 1990 . Additionally, the relationships between zooplankton and primary producers are further complicated by changes in the proportion of the chemical products excreted (i.e., the ratio between re-supplied N and P, Sterner 1986 Sterner , 1990 and their chemical nature (organic or inorganic N and P, Conover and Gustavson 1999, Saba et al. 2009 ). The nutrients required to support primary production can be calculated from primary production rates, considering phytoplankton C:N:P composition equivalent to Redfield (Redfield et al. ). Zoo: Zooplankton C respiration and N and P excretion (g m -2 day -1
). % PP: Percentage of C daily required by zooplankton to compensate for respiratory losses and contribution to phytoplankton N and P requirements (%). C ingested: Phytoplankton C ingested by zooplankton (gC m -2 day -1
). Ingested/Resp (%): Percentage of zooplankton respiratory requirements supplied by phytoplankton C ingestion. In parenthesis: standard deviation * Calculated from C production and Redfield et al. (1963) C:N:P ratios ** Data from Saiz (unpublished) Polar Biol (2010 Biol ( ) 33:1719 Biol ( -1731 1963). During the ATOS-Arctic cruise, zooplankton re-supplied by excretion about 59% of the N (as ammonia) and a similar percentage of the P (as phosphate) required to support primary production.
The accelerated ice retreat due to the global change could induce an increase in primary production, as well as temporal or spatial mismatch between life cycles of producers and consumers (Carmack et al. 2006; Wassmann et al. 2008) . While a potential seasonal increase of primary production could be compensated by the substitution of zooplankton species by expatriates from lower latitudes (Olli et al. 2007 ), a mismatch in the occurrence of zoo-and phytoplankton in the peak of the productive season would affect the current temporal sequence on the components of zooplankton diet (Levinsen et al. 2000; Tamelander et al. 2008; Stevens et al. 2004 ) and thus change the relative proportion of nutrients resupplied by excretion (Harris and Riley 1956; Ikeda and Skjoldal 1989; Sterner 1990; Saba et al. 2009 ). High specific zooplankton excretion rates of inorganic N and P as those observed during the ATOSArctic cruise, if persistent, could modify the stoichiometry and the quality of the dissolved pool of nutrients available for phytoplankton (Harris 1959; Le Borgne 1977; Sterner 1990) , thus contributing to induce the expected abrupt, non-linear changes on biogeochemical cycles, trophic transfer and community structure of Arctic plankton ecosystems.
